Post-translational modification of proteins is a universal form of cellular regulation. Phosphorylation on serine, threonine, tyrosine or histidine residues by protein kinases is the most widespread and versatile form of covalent modification. Resultant changes in activity, localization or stability of phosphoproteins drives cellular events. MS and bioinformatic analyses estimate that ∼30 % of intracellular proteins are phosphorylated at any given time. Multiple approaches have been developed to systematically define targets of protein kinases; however, it is likely that we have yet to catalogue the full complement of the phosphoproteome. The amino acids that surround a phosphoacceptor site are substrate determinants for protein kinases. For example, basophilic enzymes such as PKA (protein kinase A), protein kinase C and calmodulin-dependent kinases recognize basic side chains preceding the target serine or threonine residues. In the present paper we describe a strategy using peptide arrays and motif-specific antibodies to identify and characterize previously unrecognized substrate sequences for protein kinase A. We found that the protein kinases PKD (protein kinase D) and MARK3 [MAP (microtubule-associated protein)-regulating kinase 3] can both be phosphorylated by PKA. Furthermore, we show that the adapter protein RIL [a product of PDLIM4 (PDZ and LIM domain protein 4)] is a PKA substrate that is phosphorylated on Ser 119 inside cells and that this mode of regulation may control its ability to affect cell growth.
INTRODUCTION
Protein kinases regulate all aspects of cellular behaviour. These key signal transduction enzymes act by phosphorylating target sequences in substrates. This results in modulation of protein function or stability, alterations in association with other proteins, or the movement from one cellular compartment to another [1] . The evolutionary advantage of protein phosphorylation as a versatile and simple form of post-translational modification is supported by evidence that protein kinase genes represent approximately 2 % of most vertebrate genomes. The human 'kinome' contains nearly 500 protein kinases, most of which target serine/threonine or tyrosine residues [2] . Historically, one of the first protein kinases to be investigated at the molecular level was PKA (cAMP-dependent protein kinase/protein kinase A). Peptide-based elucidation of the substrate specificity and X-ray crystallography of the catalytic subunit of PKA have provided a framework for understanding the molecular and cellular roles of this abundant enzyme [3] .
Although some enzymes such as RAF and MEK [MAPK (mitogen-activated protein kinase)/ERK (extracellular-signalregulated kinase) kinase] exhibit exquisite substrate specificities and generally phosphorylate single substrates, most protein kinases are promiscuous and modify a broad spectrum of proteins. Furthermore, many kinases share overlapping substrate specificity. Thus the same residues can be targeted by multiple kinases in vivo. For example, PKA phosphorylates sites that conform loosely to serine or threonine residues found just distal to basic residues. However, there are a number of other basophilic kinases that target similar sites, including Akt, PAK (p21-activated kinase) and RSK (ribosomal S6 kinase). Therefore a major challenge in deciphering the kinome is determining substrate specificity for particular kinases and identifying targets that may mediate the physiological effects of these enzymes.
Several technologies are currently available to facilitate the identification of phosphorylation sites in proteins [4] . In addition to advances in MS that have allowed optimized proteome-level characterization of phosphorylation events, peptide and protein arrays have become popular for determining substrate preferences and finding new potential target proteins [5, 6] . Finally, phosphospecific antibodies directed against phosphorylation site motifs or individual phosphorylation sites are powerful tools for examining phosphorylation events [7, 8] .
In the present paper we describe a strategy for protein kinase substrate identification that combines solid-phase phosphorylation and blotting with phospho-specific motifselective antibodies. These studies led us to further characterize phosphorylation sites in several proteins, including the PDZ-LIM protein RIL [encoded by PDLIM4 (PDZ and LIM domain protein 4)]. RIL is known to be associated with the actin cytoskeleton. RIL is phosphorylated on Ser 119 , just distal to the PDZ domain, both in vitro and inside cells. Finally, expression of a phosphorylationsite mutant of RIL in PC-3 prostate adenocarcinoma cells increases cell growth as compared with wild-type RIL.
MATERIALS AND METHODS

Reagents and antibodies
Reagents for SPOT synthesis were purchased from Intavis. The polyclonal anti-phospho-PKA substrate antibody was from Cell Signaling Technology. The anti-phospho-RIL antibody was
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Figure 1 Strategy for identification of novel PKA substrates
Our approach involves bioinformatic screening to locate peptide sequences containing consensus PKA phosphorylation site motifs. These peptides were synthesized on a derivatized cellulose membrane using the SPOT technique. Immobilized peptides were then phosphorylated using purified PKA C-subunit, washed and probed with an antibody that specifically recognizes the motif 
Database searching
A number of different motif scanners available online were used to identify R-X-X-S/T motifs, including Scansite (http:// scansite.mit.edu/) [9] , eMotif (http://motif.stanford.edu/ distributions/emotif/index.html) [10] and GenomeNet Motif (http://www.genome.jp/tools/motif/). Searches were performed using several different motifs that were variations on the basic R/K-R/K-X-S/T PKA phosphorylation-site motif. Among these were the following: R-X-R-R-X-S-(where is a hydrophobic residue), R-R-X-S-and R-R-X-S/T. When using the Scansite motif scanner, we used both the PKA substrate motif residing in the program as well as the feature for creating new input motifs for uses by the scanner. Typically results from each database largely overlapped, although some hits were found in only a single database. Results from different searches were generally pooled; we were not concerned with categorizing the most reliable motif or program, but instead focused on large pools of candidates that could meet our criteria. The selection process was curated by individually analysing potentially interesting substrates that might reveal previously unrecognized cross-talk between cAMP/PKA and other signalling processes. Sequences of interest were copied into a text file used to program the AutoSpot synthesizer. The main criterion was that the sequence contained a R-X-X-S/T motif that might be phosphorylated by PKA and recognized by the anti-phospho-PKA substrate antibody.
SPOT synthesis
Peptide arrays were synthesized on cellulose membranes using an Auto-Spot Robot ASP 222 (Intavis). After synthesis, the N-termini were acetylated with 2 % acetic acid anhydride in dimethyl formamide. Peptides were then deprotected by a 1 h treatment with dichloromethane/trifluoroacetic acid (1:1), containing 3 % tri-isopropylsilane and 2 % water [11] .
Membrane phosphorylation and blotting
Membranes were briefly wetted in ethanol and then placed in preincubation buffer [20 mM Hepes (pH 7.4), 100 mM NaCl, 5 mM MgCl 2 , 1 mM EDTA, 1 mM DTT (dithiothreitol) and 0.2 mg/ml BSA] for 1 h at room temperature (25 • C). Membranes were then blocked overnight in pre-incubation buffer supplemented with 1 mg/ml BSA and 100 μM Mg-ATP. Phosphorylation was performed in pre-incubation buffer containing 100 μM Mg-ATP (or 50 μM Mg-ATP and 10 μCi [ 32 P]ATP) and the PKA C-subunit (catalytic subunit) (1:5000 dilution from bacterially purified stock) for 30 min at 30
• C with rocking. Membranes were then washed three times for 10 min each in 1 M NaCl and 0.2 % Triton X-100, three times for 2 min each in distilled H 2 O, three times for 10 min each in 1 M NaCl, three times for 2 min each in distilled H 2 O, and three times for 10 min each in TBST [Tris-buffered saline (50 mM Tris/HCl and 150 mM NaCl, pH 7.5) containing 0.1 % Tween 20]. For detection of [ 32 P]ATP phosphorylation, membranes were rinsed in ethanol, dried and exposed for autoradiography. For Western blotting, membranes were blocked in 5 % non-fat dried milk/1 % BSA for 1 h, rinsed briefly with TBST, and incubated overnight at 4
• C in 5% BSA containing anti-phospho-PKA substrate antibody (1:500). Membranes were then washed, incubated with the appropriate secondary antisera and developed using ECL (enhanced chemiluminescence).
cDNA cloning cDNAs for putative PKA substrates were RT (reverse transcriptase)-PCR cloned from total RNA (Clontech). These cDNAs were inserted into the pcDNA3D-V5/HIS-TOPO vector (Invitrogen), which introduces a C-terminal V5/His tag. cDNAs for PKD (protein kinase D) were provided by Dr Vivek Malhotra (University of California San Diego, San Diego, CA, U.S.A.). Point mutations and deletions were introduced using the QuikChange ® XL system (Strategene). 
Phosphorylation experiments
cDNAs for potential substrates were transiently transfected into HEK (human embryonic kidney)-293 cells using Mirus Transit-LT1. After 24 h, cells were washed in PBS, fed with fresh medium and incubated for a further 20-24 h. Cells were then stimulated with appropriate agonists (see Figure legends for details) or DMSO (vehicle control). After treatment, cells were placed on ice, washed with ice-cold PBS and lysed in lysis buffer [20 mM Hepes (pH 7.4), 150 mM NaCl, 1 % Triton X-100, 50 mM NaF, 100 nM okadaic acid, 1 mM orthovanadate, 1 mM PMSF, 2 mg/ml leupeptin, 2 mg/ml pepstatin and 1 mg/ml aprotinin]. After incubation on ice for 10 min, lysates were centrifuged at 15 000 g for 15 min at 4
• C. Substrate proteins were either immunoprecipitated using tag-specific antibodies or isolated using glutathione-Sepharose. Precipitated proteins were separated by SDS/PAGE, transferred on to nitrocellulose and immunoblotted with the anti-phospho-PKA substrate antibody. Membranes were then stripped and re-probed using tag-specific antibodies to determine total protein. In vitro phosphorylation and dephosphorylation was performed as described in [12] .
Confocal microscopy
Cells were plated on glass coverslips and incubated overnight at 37
• C under 5 % CO 2 . Cells were starved for 6 h in serum-free DMEM (Dulbecco's modified Eagle's medium). Cells were then treated for 20 min with forskolin/IBMX (isobutylmethylxanthine) as indicated, followed by washing with PBS and fixation in PBS/3.7 % formaldehyde for 20 min. Cells were permeabilized and blocked with 0.1 % Triton X-100 in PBS containing 0.2 % BSA. Coverslips were incubated with specific primary antibodies in blocking buffer overnight at 4
• C. Cells were washed, incubated with Alexa Fluor ® -conjugated secondary antibodies (Invitrogen) and Texas Red-phalloidin for 1 h, and washed. Coverslips were mounted using Prolong Antifade reagent (Molecular Probes) and visualized on a Bio-Rad 1024 UV laser-scanning confocal microscope.
Cell growth assays
WT (wild-type) and S119A RIL were transfected into PC-3 cells and stable lines were generated under neomycin selection. Clones expressing equal levels of WT or mutant RIL were then selected for further analysis. The growth rates of different RIL-expressing cell lines was measured using the CellTiter 96 AQueous NonRadioactive Cell Proliferation Assay (Promega). Cells (1000 from each RIL line) were plated in triplicate on each of two 96-well plates. One plate was read immediately to confirm correct plating of cells. The second plate was read on day 7. Triplicate wells were averaged and day 7 readings for each cell line were normalized to original plating densities on day 1. Means for WT and mutant RIL lines were compared using an unpaired Student's t test with 0.05 as the level of significance.
RESULTS AND DISCUSSION
We have developed a strategy that combines peptide array, in vitro phosphorylation and Western blotting with motif-selective antibodies to discover previously unidentified phosphorylation sites in proteins. The basic workflow of this method is outlined in Figure 1 . We reasoned that membrane-immobilized phosphopeptides recognized by phospho-motif-specific antibodies might also be detected in the context of the full-length protein by Western blotting. Thus this approach could provide a valuable tool for rapid screening of potential phosphorylation sites without the use of large amounts of radiolabelled ATP.
We chose to look for PKA substrates owing to the availability of a well-characterized phospho-specific antibody that recognizes a canonical PKA target motif, R-X-X-pS/T. Several motif-based bioinformatic tools were used to look for sites matching this consensus PKA phosphorylation site. Peptides corresponding to 15 amino acids surrounding these sites were synthesized on cellulose membranes. Peptides containing alanine substitutions in potential phosphoacceptor serine or threonine positions were included as negative controls. Membranes were phosphorylated in vitro with recombinant PKA catalytic subunit and ATP. After extensive washing, membranes were subjected to Western blot analysis with the anti-phospho-PKA substrate antibody (Figure 2A and Supplementary Figure S1 at http://www.BiochemJ.org/bj/438/bj4380103add.htm). Peptides that were positive in the first round were collected and resynthesized for confirmation in a second round of profiling.
Promising candidates were selected for further investigation, including the protein kinases PKD1 and MARK3 [MAP (microtubule-associated protein)-regulating kinase 3]/c-TAK1 (Cdc25C-associated kinase 1), and the adapter protein RIL (Figure 2A , spots I-11, S-4 and M-7 respectively). We were intrigued by the possibility that PKA might regulate signal flow through cascades involving PKD and MARK3. RIL (PDLIM4) was chosen because it is a small-molecular-mass protein that contains a PDZ domain and a LIM domain, both well-studied protein-protein interaction motifs [13] .
PKD is a multifunctional kinase involved in cardiac remodelling and regulated by anchored PKA [12, 14] . BLAST searching confirmed that the site in PKD that was identified in the original screen, Ser 427 , is conserved in vertebrate species ( Figure 3A) ; however, PKD contains multiple potential PKA phosphorylation sites in addition to Ser 427 . In order to identify which of these could be phosphorylated and recognized by the anti-phospho-PKA substrate antibody, PKD was arrayed out sequentially as 20-mer peptides, with an overlap of three residues in each subsequent peptide ( Figure 3B ). Duplicate membranes were phosphorylated in vitro with the PKA C-subunit and [ 32 P]ATP ( Figure 3B , top panel), or unlabelled ATP followed by Western blot analysis ( Figure 3B, bottom panel) . Two distinct regions were phosphorylated and recognized by the antibody. These corresponded to peptides containing Ser 203 and Ser 427 ( Figure 3B ). Further analysis of these potential PKA sites showed that the anti-phospho-PKA substrate antibody could recognize both Ser 203 and Ser 427 when phosphorylated in vitro ( Figure 3C ). WT or KD (kinase-dead) PKD were expressed as GST (glutathione transferase) fusion proteins in HEK-293 cells. Cells were serum-starved and then stimulated with 20 μM forskolin/75 μM IBMX for 20 min at 37
• C. PKD was collected on glutathione agarose and separated by SDS/PAGE. Western blotting with the anti-phospho-PKA substrate antibody showed a clear increase in phosphorylation of PKD upon cAMP elevation and PKA activation ( Figure 3D , top panels). In most cases there was a higher basal level of phosphorylation in WT PKD, indicating that this site may be an auto-phosphorylation site. For this reason, we continued our characterization using the KD mutant of PKD. Loading controls verified that equal amounts of total protein were present in each experiment ( Figure 3D, bottom panels) .
The sequence surrounding Ser 427 contains the consensus PKA motif R-R/K-S-S. Since either serine residue could potentially act as a phosphoacceptor, we mutated either Ser 426 or Ser 427 to alanine, and performed similar experiments. Mutation of Ser 426 had no effect on cAMP-mediated PKD phosphorylation, whereas the S427A mutation abolished phosphorylation, as detected by immunoblotting ( Figure 3E, top panels) . This result corresponds well with the peptide mapping shown in Figure 3(C) .
MARK3 (also known as PAR-1 and c-TAK1) is a member of the microtubule-affinity regulating kinases. MARK3 contains a single kinase domain and a UBA (ubiquitin-associated domain) ( Figure 3F ). MARK3/PAR-1 homologues are important for establishing cellular polarity in Drosophila and Caenorhabditis elegans [15] , whereas mammalian MARK/PAR-1/c-TAK kinases have been implicated in cell polarity [16] , Wnt signalling [17] , regulation of microtubule function [18] and cell-cycle regulation [19] . Our peptide array screening identified a potential PKA phosphorylation site at Thr 507 . Peptides containing Thr 507 , as well as various mutated versions, were arrayed and probed for PKA phosphorylation by immunobloting. Replacement of the putative phosphoacceptor threonine residue with alanine results in loss of signal ( Figure 3C , peptide 2). The signal was also lost following replacement with phosphomimetic amino acids (aspartate and glutamate; Figure 3G , peptides 3 and 4). Phosphorylation and antibody recognition of this peptide was also abolished by replacement of the − 3 and − 2 arginine residues with alanine ( Figure 3G , peptides 6 and 7).
A cDNA for MARK3 was amplified from human brain cDNA and cloned for expression as a V5/His-tagged protein in mammalian cells. Cells expressing MARK3 were treated with vehicle or forskolin/IBMX, and MARK3 was immunoprecipitated with anti-V5 antisera. Following separation by SDS/PAGE, Western blot analysis with the anti-phospho-PKA substrate antibody revealed that MARK3 is phosphorylated in response to increases in cAMP concentration and PKA activation ( Figure 3H,  lanes 1 and 2) . We also deleted the region surrounding this putative PKA phosphorylation site. Expression of MARK3 phos results in loss of phosphorylation by PKA as detected using the antiphospho-PKA substrate antibody ( Figure 3H, lanes 3 and 4) . These results further confirm the presence of a PKA site in the region of MARK3/c-TAK1 distal to the UBA.
Despite our strong evidence for PKA phosphorylation of both PKD and MARK3, so far we have not detected changes in kinase activity or localization in phosphorylation site mutants, and are thus unable to ascribe a convincing function to these phosphorylation events. This highlights the fact that a proportion of phosphorylation events in the phosphoproteome is likely to be structural or non-functional [20, 21] . We next chose to focus on the signalling adapter RIL/PDLIM4. RIL is a member of a family of PDZ/LIM proteins that have been implicated in multiple cellular processes, including regulation of the actin cytoskeleton and Src kinase activation [22, 23] . Our array analysis predicted a PKA phosphorylation site at Ser 119 , which is well conserved in mammalian species (but not in avian or amphibian sequences) ( Figure 4A) .
In vitro phosphorylation assays confirmed that RIL could serve as a PKA substrate. Mouse RIL was PCR cloned from a cDNA library. Next, Ser 119 was mutated to alanine to abolish this putative phosphorylation site. HEK-293 cells were then transfected with vectors encoding epitope (V5-His)-tagged wild-type RIL or RIL S119A. Cells were lysed and RIL was immunoprecipitated with anti-V5 antisera. After washing, immunoprecipitations were incubated with purified PKA C-subunit and [
32 P]ATP. RIL was robustly phosphorylated by PKA ( Figure 4B, lane 1) , whereas RIL S119A was not labelled ( Figure 4B, lane 2) .
WT RIL or RIL S119A was expressed in HEK-293 cells. Cells were serum-starved and then treated with forskolin and IBMX to stimulate cAMP production and PKA activation. After cell lysis, RIL was immunoprecipitated as before. Precipitated protein was separated by SDS/PAGE followed by Western blot analysis with the anti-phospho-PKA substrate antibody. RIL was weakly detected in vehicle-treated samples, but was strongly phosphorylated upon PKA activation ( Figure 4C , lane 5). Mutation of Ser 119 abolished the signal, indicating that this site was solely responsible for detection of phosphorylated RIL by the anti-phospho-PKA substrate antibody ( Figure 4C, lane 6) .
In order to confirm that the antibody detection of RIL was dependent on phosphorylation, recombinant RIL was immunoprecipitated from HEK-293 cells and incubated with PKA C-subunit and unlabelled ATP or with λ-phosphatase. Untreated RIL gave a basal signal on Western blotting with the anti-phospho-PKA substrate antibody ( Figure 4D, lane 1) . Phosphatase treatment completely abolished the signal, indicating that the antibody is specifically detecting phospho-RIL ( Figure 4D , lane 2). Furthermore, the signal was augmented by in vitro phosphorylation with PKA ( Figure 4D, lane 3) , suggesting that there is basal, but non-stoichiometric, phosphorylation inside cells.
Because the anti-phospho-PKA substrate antibody recognizes a general consensus motif and is not specific to RIL, we developed a phospho-specific antibody against phospho-Ser 119 . Initial testing of this antibody was performed on peptide arrays containing different variations on the WT sequence.
Peptides corresponding to the region around Ser 119 were arrayed out in triplicate. Peptides were synthesized with a phospho-serine residue in either the 118 or 119 position. Membranes were then immunoblotted with the anti-phospho-RIL Ser 119 antibody. This antibody recognized both phosphoserine-containing peptides, whereas non-phosphorylated and mutant peptides gave no signal ( Figure 5A ). Next, we assessed the antibody recognition of in vitro phosphorylated peptides. In addition to the WT peptide, several mutated peptides were also synthesized. First, Ser 119 was changed to alanine. As position 118 is also a serine residue (in mouse RIL), the phospho-RIL Ser 119 antibody and Texas Red-phalloidin to visualize F-actin. (J) PC-3 prostate adenocarcinoma cells were stably transfected with WT RIL or RIL S119A and selected for approximately equal expression by immunoblotting. The molecular mass in kDa is indicated on the left-hand side. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (K) Growth analysis of WT RIL and RIL S119A PC-3 cell lines was performed using a MTS assay at day 7 post-plating. Cells expressing WT RIL grew significantly slower than those expressing RIL S119A (n = 6, *P < 0.05, unpaired Student's t test).
this residue was changed to alanine as well. Finally, a peptide with both serine residues replaced with alanine residues was included. Membranes were phosphorylated in vitro with purified PKA C-subunit and either [ 32 P]ATP or unlabelled ATP, followed by either autoradiography or immunoblotting with the anti-phospho-RIL Ser 119 antibody. In both cases, strong phosphorylation was detected in WT or S118A peptides, but not in the peptides containing S119A (Figure 5B ). Taken together, these results indicate that even though there is a serine residue at position 118, PKA seems to selectively phosphorylate Ser 119 , a site that is conserved across species.
We next tested the antibody on RIL expressed in cells. Treatment of cells expressing RIL-V5/His with 100 nM isoproterenol resulted in robust RIL phosphorylation ( Figure 5C , lane 2). Pre-treatment with the PKA inhibitor H-89 blocked β-adrenergic-mediated RIL phosphorylation ( Figure 5C, lane  3) . Phosphorylation of RIL Ser 119 appears to be somewhat selective for PKA, as stimulation of PKC with the phorbol ester PDBu (phorbol 12,13-dibutyrate) had minimal effect on RIL phosphorylation ( Figure 5C, lane 4) . Finally, as shown in Figure 4 , forskolin/IBMX treatment resulted in robust RIL phosphorylation ( Figure 5C , lane 5).
We also performed immunofluorescence analysis of endogenous RIL phosphorylation in REF52 cells. Cells were starved and treated with forskolin and IBMX. After fixation and permeabilization, cells were stained with the anti-phospho-RIL Ser 119 antibody and Texas Red-phalloidin to label F-actin (filamentous actin). Confocal microscopy showed weak basal staining for phospho-RIL Ser 119 in untreated cells ( Figures 5D-5F ). After PKA activation, levels of phospho-RIL Ser 119 increased throughout the cells (Figures 5G-5I) . Interestingly, phospho-RIL seems to be particularly concentrated at the tips of actin-rich projections that may represent sites of cell-substrate interaction ( Figures 5G-5I) .
Several recent reports have implicated RIL in control of cell growth and cancer [24, 25] . Silencing of RIL expression through promoter methylation occurs in several types of cancers, suggesting that loss of RIL expression may be important for cancer progression and malignancy. Re-expression in several cancer cell types impairs proliferation and anchorage-independent growth through unknown mechanisms that may involve stabilization of Factin or regulation of cell-cycle progression [24, 25] . Vanaja et al. [25] showed that RIL expression in PC-3 prostate adenocarcinoma cells inhibits cell growth. In order to assess the function of Ser 119 phosphorylation of RIL, we generated stable PC-3 cell lines expressing either WT RIL or RIL S119A. Cell lines were chosen for matched RIL expression ( Figure 5J, top panel) . Next, we performed MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assays to examine proliferation of the two cell lines. Cells expressing RIL S119A grew significantly faster than cells expressing WT RIL at 7 days after starting the assay ( Figure 5K ). Therefore we propose that mutation of Ser 119 partially rescues the inhibitory growth effect of expressing RIL in these cells. This suggests that phosphorylation of Ser 119 by PKA (or another kinase with similar motif preferences) may be required for suppression of growth by RIL.
The results of the present study show that combining phosphorylation of immobilized peptides and immunoblotting with motif-selective antibodies is an effective way to discover kinase targets. These methods should be easily extendable to a large number of kinase/antibody pairs, particularly as the inventory of phospho-specific antibodies expands and more information is forthcoming on so called 'orphan kinases'. 
